HEPES is a zwitterionic buffer component used as a raw material in the GMP-manufacturing of advanced therapy medicinal products (ATMPs), hence requiring an adequate assay method with sufficient selectivity toward related impurities. Therefore, a hydrophilic interaction chromatography (HILIC) method was developed. Different factors were investigated towards the retention behavior of HEPES, its analogue EPPS and its starting material isethionate: pH, ion concentration and organic solvent ratio of the mobile phase, as well as column temperature. Moreover, stress testing resulted in the N-oxide degradant, identified by high resolution MS. The final method consisted of an isocratic system with an aqueous (pH 2.0 with H 3 PO 4 ) acetonitrile (35:65, v/v) mobile phase on a zwitterionic HILIC (Obelisc N) column with a flow rate of 0.5 mL/min and UV detection at 195 nm. The assay method of HEPES was validated, obtaining adequate linearity (R 2 = 0.999), precision (RSD of 0.5%) and accuracy (recovery of 100.08%). Finally, the applicability of the validated method was demonstrated by analysis of samples from different suppliers.
Introduction
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, is a zwitterionic organic buffer, which was developed and introduced as a Good's buffer in cell and tissue culturing [1] . It is not only used in biomedical and pharmaceutical research, but also as a raw material in several approved medicinal products like Holoclar and Novocart 3D [2] . Holoclar is a tissue engineered product for the treatment of limbal stem-cell deficiency caused by burns to eyes; it is the first approved advanced therapy medicinal product (ATMP) by the European Medicines Agency [3, 4] . ATMPs have huge potential for patients and industry because they offer completely new treatments for some diseases or injuries, e.g. cancer [5, 6 ], Alzheimer's [7] or damaged or lost tissue [8] . However, the development of this new class of medicines is still considered difficult, and one of the main challenges is the quality of the used starting and raw materials [9] , requiring the conversion of research grade materials to Good Manufacturing Practice (GMP) compatible materials.
According to GMP requirements, raw materials can only be used after an appropriate quality evaluation. Obviously, the impurities in HEPES can have an influence on the quality of cultured cells or tissue, which further affect the quality of the final medicinal products. Currently, there is no quality monograph for HEPES in any Pharmacopoeia. Only one study briefly reported the assay of HEPES in a 68 Ga-labeled peptide solution without any details [10] . Thus, a well-developed and selective method for the identification and assay of HEPES is required for its pharmaceutical GMP quality control.
HILIC has become an important analytical alternative for the analysis of polar compounds which are weakly retained on reversed-phase liquid chromatography [11] [12] [13] [14] . By the use of a hydrophilic stationary phase and a less polar mobile phase, mostly consisting of acetonitrile-aqueous buffer mixtures, polar analytes show sufficient retention and get well separated. The retention mechanism of HILIC is complex and still not well understood. It is commonly postulated that a water-rich layer is formed on the surface of the polar stationary phase. The partitioning of polar compounds between the water-enriched layer and the highly organic mobile phase is suggested to be the primary retention mechanism [15, 16] . However, the adsorption of the analyte at the surface of the stationary phase as well as ion exchange between the charged analyte and the charged stationary phase are also possible additional retention mechanisms [17, 18] .
The aim of this paper was to develop an analytical method using HILIC for HEPES. During the development process, the influence of different factors on the retention of HEPES was investigated. In that way, a better understanding of the retention behavior on the used zwitterionic HILIC column was obtained. Finally, the developed method was validated according to ICH guidelines, including selectivity stress testing towards possible degradants, and applied to samples from different suppliers.
Materials and methods

Chemicals and reagents
HPLC grade acetonitrile was obtained from Fisher Scientific (Waltham, MA, USA) and ultrapure water of 18.2 M × cm quality was produced by an Arium pro VF TOC water purification system (Sartorius, Göttingen, Germany). Phosphoric acid, hydrochloric acid, sodium hydroxide, potassium chloride and hydrogen peroxide were of analytical grade and supplied by Sigma-Aldrich (St. Louis, MO, USA), who also supplied the 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, CAS:7365-45-9, product code H4034-25G, lot#SLBP4483 V), 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS, CAS: 16052-06-5, product code E9502-10G, lot#SLBH4857 V) and isethionic acid sodium salt (CAS:1562-00-1, product code 220078-25G, lot#MKBT5600 V), as well as toluene (99.9%) and acenaphthylene (75%). Commercial samples of HEPES for cell culture were obtained from Sigma (product code 54457-10G-F, lot#BCBN1574 V), Fluka (product code 54459-250G, lot#1252374) and Discovery (product code 22-24/25, lot#74644).
Method development
In the method development stage, the effects of different factors were studied to get a better understanding of the retention behavior of different analytes on the applied column. Besides HEPES, the retention of its analogue EPPS, which is also an investigational drug to treat hippocampus-dependent cognitive deficits [19] , and the possible starting material isethionic acid sodium salt were also studied (structures can be found in Fig. 1 ). The sample solutions used during method development were prepared by dissolving HEPES, EPPS and isethionate in a solution of acetonitrile and water (50/50, v/v) at 1 mg/mL, respectively.
The influence of the solvent strength was investigated with mobile phase containing acetonitrile from 10% to 70%. The effect of column temperature was investigated within the temperature range of 25-45 • C in 5 • C increments. The effect of mobile phase pH was investigated by changing the pH of the aqueous solution before mixing with acetonitrile: the designed pH range in this study was 2.0-4.0 in 0.5 increments. The influence of ion concentration was investigated at 2 mM, 4 mM, 8 mM, 16 mM and 25 mM of KCl in aqueous phase. When one factor was studied, the other chromatographic conditions were as described in Section 2.3.
Final method
Chromatographic experiments were performed on an Alliance HPLC system equipped with a Waters 2695 separations module, a Waters 2996 photodiode array detector and Empower 3 Software. An Obelisc N column (3.2 × 150 mm, 5 m, SIELC Technologies, series: ONNX70UD) was used as stationary phase. The flow rate was 0.5 mL/min and the column temperature was set at 30 • C. The injection volume was 10 L. UV detection was performed at 195 nm. The mobile phase consisted of a 35/65 v/v mixture of water adjusted to pH 2.0 with H 3 PO 4 and acetonitrile.
Test and reference solutions were prepared by separately dissolving 10.0 mg of substance to be examined or reference substance in a solution of acetonitrile and water (50/50, v/v) and diluted to 20.0 mL with the same solvent.
System suitability tests consisted of the symmetry factor, calculated on the principal peak according to Ph. Eur. (specification: between 0.8-1.5), while the repeatability requirement for three reference injections should be not more than 0.62% [20].
Modelling the retention
The retention mechanism of HILIC is not yet completely understood. The most popular accepted mechanism is the partition of analyte between the bulk mobile phase and the water-enriched layer formed by the adsorption of water on the surface of the sta- tionary phase [17] . Also adsorption of the analyte at the surface of the stationary phase as well as ion exchange between the charged analyte and the stationary phase were reported. Different retention models were already reported for the different mechanisms.
For the partition mechanism, a model was reported as given in Equation (1) [17, 21] , where k' is the retention factor of analyte, k 0 is the extrapolated analyte retention factor when the mobile phase is pure organic solvent, is the percentage of water in the mobile phase and m is the regression coefficient.
For the adsorption mechanism, an adsorption model was proposed by Synder in 1974 [22] . The simplified expression was represented by Equation (2), where k' is the retention factor of analyte, k 0 is the extrapolated analyte retention factor when the mobile phase is pure aqueous phase, is the percentage of water in the mobile phase and m is the regression coefficient.
A mixed model suggested by Jin et al. can be applied when the data do not fit well to the partition or adsorption models [23] . This mixed model is described in Equation (3), where is the fraction of water in the mobile phase, m 1 and m 2 are the regression coefficients and a is an empirical constant.
Equation (4) gives a well-known retention model for the ionexchange mechanism [24] ; s is a constant depending on the charge of the analyte and counter-ion, while C is the salt concentration in the mobile phase.
Those retention models mentioned above were applied to the retention data of HEPES, EPPS and isethionate.
Stress testing and identification of the degradant
The stress tests were carried out to provide qualitative degradant information of HEPES, as well as to evaluate the selectivity of the developed method. About 50 mg of HEPES was stressed in 25 mL of 0.1 N HCl, 1 N NaOH and H 2 O by refluxing at 100 • C for 1 h. After this stress degradation, the solution was neutralised with NaOH or HCl. The oxidative degradation of HEPES was performed using 3% H 2 O 2 at 60 • C for 1 h. Dry heating degradation was performed at 110 • C for 15 min [25] . HEPES was also exposed to daylight for 8 days and UV light for 3 days (photolytic stress), according to ICH Guidelines Q1B. All the final stressed samples were diluted to 0.5 mg/mL and kept in the fridge at 4 • C before analysis. A degradant was observed by a diode array detector under oxidative stress conditions. The degradant peak was collected and the mobile phase was removed using a Christ Gamma 1-16 freeze dryer. The dry residue was dissolved in acetonitrile-water (50/50, v/v) solvent with 0.1% formic acid, after which a high-resolution spectrum was recorded on a Waters LCT Premier XE Mass spectrometer to identify the oxidative degradant.
Method validation 2.6.1. Selectivity solutions
The selectivity of the developed method was confirmed by injecting the blank, oxidative stress solution and 0.5 mg/mL HEPES spiked with 0.1 mg/mL EPPS.
Solutions for linearity test
A stock solution containing 1 mg/mL HEPES was prepared in acetonitrile-water (50/50, v/v) solvent. Different aliquots of the solution were diluted in the same solvent to obtain five different concentrations, corresponding to 80%, 90%, 100%, 110% and 120% of 0.5 mg/mL HEPES. Calibration curves for peak area versus concentration were plotted and the obtained data were subjected to linear regression analysis.
Solutions for accuracy and precision test
Accuracy of the method was tested by performing recovery experiments. HEPES reference solutions were prepared at three levels, i.e. 80%, 100% and 120% of 0.5 mg/mL, and each solution was injected three times. The recovery was calculated by comparing the calculated concentration and actual concentration at the three levels.
For precision, the relative standard deviation (RSD) of the triplicate peak areas was calculated.
Real sample testing
The content of three batches of HEPES products obtained from different manufacturers was determined using the developed method.
Results and discussion
Method development
Since HEPES is a polar and zwitterionic buffer, charged at a wide pH range, a zwitterionic HILIC column (Obelisc N) was selected, which consists of negative charges near the surface of the stationary phase, a polar − hydrophilic neutral space and positive charges at the end of this space standing in the mobile phase. This Table   1 The regression zwitterionic HILIC stationary phase allows electrostatic (ionic) as well as polar (hydrophilic) interactions with the analyte. Preliminary investigations showed that HEPES had sufficient absorbance at 195 nm, making UV detection possible. The permitted pH range of the used column is 1.5-5. Phosphoric acid was therefore used for pH adjustment of the aqueous portion of the mobile phase, as it is transparent at low UV wavelength: other buffers commonly used in HILIC, such as acetate or formate, showed unacceptable UV interference. The flow rate was set at 0.5 mL/min (details see Supplementary Information 1).
Influence of solvent strength
The relationship between the retention time of the target compounds and the acetonitrile content in the mobile phase was investigated at seven points, i.e. 10%, 20%, 30%, 40%, 50%, 60% and 70% acetonitrile; acetonitrile contents of more than 70% were not studied because of the long retention time. The void time of the column was observed as 1.77 min by the injection of acenaphthylene. The logarithmic values of the retention factor of HEPES, EPPS and isethionate versus water percentage was plotted and given in Fig. 2a . It can be observed that the retention factor decreased with the increase of water in the mobile phase for all the three compounds. According to Equation (1) given in Section 2.4, the plot should be linear if the retention mechanism is dominated by partition. The plot is nonlinear for all the three compounds, indicating that the partitioning mechanism cannot be the only retention mechanism.
When the logarithmic retention factors of these three compounds are plotted versus the logarithmic water percentage (Fig. 2b) , a relatively good linear fit is obtained (R 2 = 0.975 for HEPES, R 2 = 0.981 for EPPS and R 2 = 0.994 for isethionate). It is consistent with the adsorption or ion-exchange process according to Equation (2) and (4) in Section 2.4, indicating that the adsorption or ion-exchange mechanism is the main retention mechanism on this column.
The retention of acenaphthylene and toluene within the applied acetonitrile range was also studied as these compounds are often used as markers as well as to elucidate retention mechanisms. The existence of a reversed phase behavior in water -rich mobile phase was proved (see supplementary Information 2).
Influence of temperature
The relationship between the temperature and the retention factor is described by the van't Hoff equation [26] :
where Vs Vm is the ratio of the volume of stationary phase and mobile phase, S • and H • is the entropy and enthalpy change during the transfer of analyte from mobile phase to stationary phase, and R is the gas constant. Ai and Bi are parameters converted from S • and H • , respectively. From the equation, ln k' versus 1/T should be linear. If a van't Hoff plot is nonlinear, it indicates that a change in the retention mechanism occurred in the studied temperature range [27] .
The effect of the column temperature on the retention was studied in the range of 25-45 • C and the plot of ln k' versus 1/T (in Kelvin) is given in Fig. 3 . A good linearity between ln k' and 1/T was obtained for all three analytes, indicating that the retention mechanism did not change within the selected temperature range. It can also be observed that an increase of the temperature will cause a decrease in retention. The method has a better selectivity when the temperature is low (25-30 • C). The contribution of enthalpy and entropy was also studied and given in supplementary Information 3.
Influence of pH
The influence of aqueous phase pH on the retention was investigated under the pH range of 2-4 in 0.5 increments. Because only phosphoric acid was used in the mobile phase, the change of H + concentration also means a change of total ion concentration. To compensate for the effect caused by the change of ion concentration, additional KCl was added to make the total ion concentration equal to 10 mM in the aqueous phase.
The plot between log k' and pH is given in Fig. 4 . The retention time of HEPES and isethionate slightly decreased with increasing pH, while the retention time of EPPS increased. The reason for the difference between retention behavior of HEPES and EPPS is still unclear, but could be related to the ionization difference of these two compounds within the pH range (see Supplementary Information 4).
Influence of ion concentration
The ion concentration effect on the retention was investigated in the range of 2-25 mM with fixed aqueous phase pH at 2. The log k' versus KCl concentration is plotted in Fig. 5 . With the increase of the KCl concentration in the mobile phase, a lower retention for all three compounds was observed. The influence of the ion concentration on HEPES and EPPS is similar to each other, but different from that of isethionate. The change of ion concentration has more influence on the retention of isethionate, which is consistent with our finding that ion exchange is the main retention mechanism. For HEPES and EPPS, the decrease is much less pronounced, indicating that not only the ion exchange mechanism is responsible for the retention.
Modelling of the retention
To get a better understanding of the retention mechanism in this study, four different retention models were applied to the retention data obtained during the method development process.
The fitting of the partition, adsorption, mixed and ion-exchange models on the retention data of HEPES, EPPS and isethionate was performed by GraphPad Prism 7.00. The regression coefficients and R square values with the standard errors are all presented in Table 1 . The partition model gives the lowest R 2 while the mixed model gives the highest R 2 for all the three compounds, which means that the mixed model best fits the data of HEPES, EPPS and isethionate. It can be concluded that the partition and adsorption mechanisms both work in the retention of the analytes at the applied column, with the effect of the adsorption mechanism playing a more important role. The retention data also fit the ion-exchange model well when KCl was present in the mobile phase, indicating that the ionexchange mechanism also exists for this column. It complies with the fact that the column is a mixed mode column, combining HILIC and ion-exchange mechanisms.
Stress degradation test and identification of stress degradant
Currently, there is no stability-indicating HILIC method reported for the analysis of HEPES. The results of the stress tests showed that no degradation product was formed, except during oxidative stressing. Under oxidative stress conditions, a degradant peak at Rt 11.48 min was observed, which is well separated from the HEPES peak at Rt 13.35 min. A typical chromatogram is given in Fig. 6b 3 mDa) . This complies with the previous data that Good's buffers containing morpholine or piperazine rings like HEPES can be oxidized to their N-oxide forms [28] . Many N-oxide metabolites of different drugs have been reported so far [29] [30] [31] .
Method validation
In order to prove the reliability and applicability of the proposed method, a basic method validation was performed after the optimal chromatographic condition had been established. Specificity of the method was confirmed by comparing the chromatograms of placebo, oxidation stressing sample and HEPES solution spiked with EPPS. A representative HPLC-overlay chromatogram can be found in Fig. 6 in which no interfering peaks were found.
The linearity between peak area and concentration was obtained for HEPES within the range of 80-120% of the target concentration (0.5 mg/mL). The standard curve was linear over a concentration range of 0.4-0.6 mg/mL, with a mean slope of 2300514 ± 19448 and 34940 ± 9821 as intercept with the y-axis. The R square was 0.999.
The precision and accuracy were performed at three levels of 80%, 100% and 120% of 0.5 mg/mL. Three replicates were injected at each level. The RSD (%) and recovery (%) were calculated to evaluate the precision and accuracy, respectively. The accuracy and precision results are calculated and represented in Table 2 , which indicate that both the accuracy and precision of the developed method are very good.
Assay of HEPES in commercial samples
Finally, the developed method was applied for the assay determination of HEPES products obtained from three different suppliers on the market. The mean obtained content of HEPES was 99.88% (95% CI: 99.78%-99.98%).
Conclusion
In this paper, a HILIC method for the analysis of HEPES was developed, validated and applied to commercial products from different suppliers. During the method development process, the influence of different factors on the retention time was investigated to get a better understanding of the retention. The obtained data were evaluated by different retention models and a mixed model of partition and adsorption mechanisms was found to fit best, with adsorption being the main retention mechanism, combined with partition and ion-exchange mechanisms.
The stress test of HEPES found one degradant under oxidative conditions, identified as the N-oxide by high resolution MS.
